Background: Deletion of the mouse Brpf1 gene causes embryonic lethality, but the resulting defects await characterization. Results: The vasculature, neural tube, and cell proliferation are abnormal in the mutant. Conclusion: Brpf1 is important for embryo development and cell cycle control. Significance: This study identifies a critical role of a multivalent chromatin regulator in embryogenesis and cell proliferation.
causing monocytic leukemia (19) . It is fused to four different partners in leukemia-associated chromosomal rearrangements, and similar rearrangements have been reported for the MORF gene (8, 20) . Moreover, the MOZ gene is mutated in esophageal adenocarcinoma (21) , whereas the MORF gene is disrupted in leiomyomata (22, 23) , mutated in breast cancer (24) , and altered in castration-resistant prostate cancer (25) . A recent pan-cancer analysis of copy number variations has identified both genes as top-ranking targets amplified in different cancers (26) . Related to this, the mouse Moz gene is required for optimal lymphoma development induced by Myc (27) . In addition to cancer, the MOZ and MORF genes are mutated in multiple developmental disorders with the common characteristic of intellectual disability (28 -35) . Thus, both MOZ and MORF are important in cancer and other diseases.
As a key partner of MOZ and MORF, BRPF1 may modulate related pathogenesis. Moreover, the BRPF1 gene itself is recurrently mutated in pediatric cancers (36) and adult medulloblastoma (37) . To understand these pathological processes, it is important to know the normal biological functions of BRPF1. However, little is known in this regard. To address this, we recently deleted the mouse Brpf1 gene and found that it is required for embryonic survival (38) . Here, we present systematic analyses of the resulting developmental, cellular, and molecular defects. These results reveal that Brpf1 regulates different developmental programs during embryogenesis and that it is important for growth and proliferation of embryonic fibroblasts and hematopoietic progenitors. While two recent reports are on the crucial function of Brpf1 in mouse forebrain development (39, 40) , this study identifies an essential role in regulating developmental programs just before mid-gestation. These new findings are unexpected from published genetic studies of mouse Moz, Morf, and Hbo1 (41) (42) (43) (44) .
MATERIALS AND METHODS
Animals-Mice were maintained in an animal facility at McGill University, and all procedures involved in the use of mice were performed according to guidelines and protocols approved by the McGill Animal Use Committee. Brpf1 l/ϩ mice were obtained from the European Conditional Mouse Mutagenesis Program as described (38) . A promoterless LacZ cassette is located between two FRT sites, whereas two loxP sites flank exons 4 -6 of the Brpf1 gene (38) . Crossing of Brpf1 l/ϩ mice with EIIa-Cre mice (The Jackson Laboratory) resulted in the heterozygote Brpf1 l/ϩ ;EIIa-Cre (or Brpf1 ϩ/⌬ ) (38) , and subsequent intercrosses yielded the homozygote Brpf1 l/l ;EIIa-Cre (or Brpf1 ⌬/⌬ ). Brpf1 ϩ/Ϫ mice were obtained after consecutively mating Brpf1 l/ϩ mice with PGK1-FLPo and EIIa-Cre strains (The Jackson Laboratory), and further intercrosses generated Brpf1 Ϫ/Ϫ mice (38) . Genotyping was carried out as described (38) . Brpf1 f/ϩ ;ER-Cre mice were generated after consecutive mating of Brpf1 l/ϩ mice with PGK1-FLPo and UBC-Cre/ERT2 strains (The Jackson Laboratory).
Histology and Immunohistochemistry-Paraffin sections of embryonic and extra-embryonic tissues were stained with hematoxylin and eosin for histological examination. Benzidine staining was performed to detect hemoglobin in yolk sac erythrocytes as described (45) , with minor modifications. Briefly, dissected embryos with intact yolk sacs were fixed for 15 min in 12% glacial acetic acid containing 0.4% benzidine dihydrochloride (Sigma, B3383). The staining reaction was initiated by the addition of hydrogen peroxide to a final concentration of 0.3%. Incubation was ϳ20 min at room temperature; color development was carefully monitored. Stained embryos were immediately documented under a dissecting microscope (SteREO Lumar.V12, Zeiss) linked to a digital camera.
Periodic acid Schiff staining on placental paraffin sections was performed according to the manufacturer's protocol (Sigma, 395B). Whole-mount CD31 immunohistochemistry was performed as described (46) , except that primary and secondary antibodies were incubated overnight at 4°C. The reagents used were as follows: purified rat anti-mouse CD31 antibody (BD Biosciences, 550274, 1:100), biotin-SP-conjugated AffiniPure donkey anti-rat IgG (HϩL) antibody (Jackson ImmunoResearch, 712-065-153, 1:50), ABC kit (Vector Laboratories, PK-4001), and DAB substrate kit (Vector Laboratories, SK-4100). Images were taken with a digital camera (AxioCam MRc, Zeiss) linked to the dissecting microscope.
␤-Gal Staining of Placental Sections-The staining procedure was the same as described (38, 39, 47) . Briefly, pregnant mice were euthanized, and placentae were dissected out and fixed in 1% paraformaldehyde at 4°C for 1-2 h. After washing with PBS, placentae were further cryoprotected in 30% sucrose in PBS overnight at 4°C, embedded in Tissue-Tek OCT compound (Sakura Finetek, 4583) on dry ice, and stored at Ϫ80°C. Cryosections were cut at 15 m on a Cryotome (Thermo Electron, 77200187).
Clonogenic Hematopoietic Progenitor Assays-Four pairs of control and mutant yolk sacs were isolated from E9.5 embryos. Yolk sac single-cell suspension was prepared by passing through a cell strainer (StemCell Technologies, 27305, 40 m), and 3 ϫ 10 4 cells were seeded in complete methylcellulosebased medium (Stem Cell Technologies, M3434). Colonies were counted after 8 days of culture at 37°C in a CO 2 incubator.
MEF Isolation and Culture-Primary MEFs derived from embryos at E9.5 from Brpf1 ϩ/⌬ intercross were cultured in MEF medium (47) and monitored for cell growth by IncuCyte (Essen Bioscience). Brpf1 ⌬/⌬ MEFs failed to grow, so the UBC-Cre/ ERT2 strain was employed to generate Brpf1 f/f ;ER-Cre MEFs. The Brpf1 gene was then inactivated in vitro after treatment with 4-hydroxytamoxifen in vitro. The MEFs were obtained from E15.5 embryos from crosses between Brpf1 f/f and Brpf1 f/ϩ ; ER-Cre mice. Brpf1 f/f ;ER-Cre MEFs were isolated from three independent litters and used at passage 2 or 3. MEF isolation was carried out as described (47) . The cells were cultured in MEF medium (47) , treated with vehicle (ethanol) or 400 nM of 4-hydroxytamoxifen (Sigma, H7904, dissolved in ethanol) for 4 days, and then changed to fresh MEF medium (47) . For cell cycle analysis, MEFs with or without 4-hydroxytamoxifen treatment were collected and stained with propidium iodide solution (48) for subsequent data acquisition on a BD LSRII flow cytometer and further analysis by use of FlowJo software (Treestar). For analysis of daily cell growth, MEFs were seeded at low density for live-cell monitoring by IncuCyte for 1 week. For RT-qPCR and Western blotting, MEFs grown to ϳ80% confluency were used.
Immunofluorescence Microscopy-For immunostaining of whole conceptuses, paraffin sections were used. Genomic DNA was isolated from each dewaxed embryo tissue, and genotyped. Immunofluorescence microscopy was performed as described (39, 49) . Primary antibodies used were rabbit anti-cleaved caspase 3 (Cell Signaling, 9661, 1:200), mouse anti-neuronal class III ␤-tubulin (Tuj1) (Covance, MMS-435P, 1:500), mouse anti-histone H3 phosphorylated at Ser-10 (USBiological Life Sciences, H5110-13K, 1:100), goat anti-human SOX2 (R&D Systems, AF2018, 1:200), goat anti-HBO1 (Santa Cruz Biotechnology, sc-13284, 1:50), and rabbit anti-␥H2AX (phospho-S139) (Abcam, ab2893, 1:500). Secondary antibodies were Alexa Fluor 568-labeled goat anti-rabbit IgG (Invitrogen, A11011, 1:500), Alexa Fluor 568-labeled goat anti-mouse IgG (Invitrogen, A11031, 1:500), and Cy3-conjugated anti-goat IgG (Molecular Probes, 1:500).
Frozen sections were used for placental immunostaining as described except that the sodium citrate-based antigen retrieval step was omitted (39) . Primary antibodies were mouse monoclonal Gcm1 (glial cell missing 1; Santa Cruz Biotechnol-ogy, sc-101173, 1:200), rat anti-mouse CD31 (BD Biosciences, 550274, 1:200), goat placental lactogen I (Santa Cruz Biotechnology, sc-34713, 1:200), or rabbit anti-Esx1 antibody (extraembryonic-spermatogenesis-homebox protein 1; Santa Cruz Biotechnology, sc-133566, 1:100). Secondary antibodies were Alexa Fluor 568-labeled goat anti-rabbit IgG (Invitrogen, A11011, 1:500), Alexa Fluor 568-labeled goat anti-mouse IgG (Invitrogen, A11031, 1:500), Cy3-conjugated anti-goat IgG (Molecular Probes, 1:500), and CFL 488-linked goat anti-rat IgG (Santa Cruz, sc-362263, 1:500).
Microarray-based Gene Expression Profiling-Three pairs of control and mutant E8.75 embryos were used to prepare total RNA for microarray-based gene expression analysis as described (39) . The resulting gene list is included in supplemental Table S1 .
RT-qPCR-The procedure was carried out as described (39) using primers listed in Table 1 .
Western Blotting-The procedure was the same as described (16, 47) . Primary antibodies were rabbit anti-histone H3 (Abcam, ab1791, 1:5000), anti-histone H3 (acetyl Lys-14) (Mil- MAY 1, 2015 • VOLUME 290 • NUMBER 18 lipore, 07-353, 1:4000), anti-histone H3 (acetyl Lys-9) (Abcam, ab10812, 1:4000), anti-acetyl-histone H3 (Millipore, 06-599, 1:4000), and goat anti-HBO1 (Santa Cruz Biotechnology, sc-13284, 1:200).
Brpf1 in Embryogenesis and Cell Proliferation

RESULTS
Brpf1 Loss Leads to Arrested Vasculogenesis in the Yolk Sac and Embryo
Proper-To determine the biological function of Brpf1, we have recently characterized a mutant Brpf1 l allele containing a promoterless LacZ knockin cassette as an efficient reporter (38) . Using this reporter, we found that Brpf1 is highly expressed in the placenta, yolk sac, and neural tube (38) , suggesting potentially important roles in related developmental processes. We also generated two mutant alleles, Brpf1 ⌬ and Brpf1 Ϫ , both of which are inactive (38) . No viable embryos homologous for these alleles could be recovered after E9.5, indicating that loss of Brpf1 causes embryonic lethality (38) .
While dissecting the embryos, we noticed that from E9.5 onward the mutant yolk sac contained no visible blood vessels ( Fig. 1, A and B) . Even in less severe cases, the mutant yolk sac contained a nonhierarchial vasculature, as opposed to the large vessels and small branches found in the control (Fig. 1C ). Moreover, the blood vasculature was disorganized in the mutant embryo ( Fig. 1D ). Hemorrhage occurred in the cephalic region of the mutant embryos ( Fig. 1D, right) . Arrested vasculogenesis was also found in the mutant chorionic plate at E10.5 (Fig. 1E ). H&E staining was used to compare control and mutant yolk sac sections ( Fig. 1F ). Whereas nucleated red blood cells were found in both control and mutant yolk sacs at E8.5 (Fig. 1F , top two panels), this situation changed dramatically at E9.5. In those severely affected mutant yolk sacs, only a few nucleated erythrocytes could be found in serial sections ( Fig. 1F , middle two panels). Similarly, at E10.5, there were no nucleated erythrocytes in the mutant yolk sac (Fig. 1F , bottom two panels). These results suggest that embryonic lethality in Brpf1-deficient embryos is at least partially due to global vascular defects and massive hemorrhage.
To further characterize the vascular defects, we performed whole-mount immunohistochemical analysis with an antibody against CD31 (also known as platelet endothelial cell adhesion molecule 1 (PECAM1)), a well known and widely used marker for vasculature (50) . As shown in Fig. 2 , A and B, CD31 ϩ vasculature was well formed in the control but not mutant embryo at E9.5. Similar to what observed in the embryo proper, the vascular network was well organized in the control but not mutant yolk sac or chorionic plate (Fig. 2 , C and D). Benzidine staining was used to detect hemoglobin in erythrocytes and visualize blood vessels. As shown in Fig. 2E , vasculogenesis was arrested at the primitive plexus stage in the mutant yolk sac as opposed to the hierarchical vascular feature observed in the control yolk sac. In addition, staining was weaker in the mutant vasculature, suggesting lower expression of hemoglobin and/or fewer eryth- rocytes. Together, these results support that Brpf1 is required for vasculogenesis in the yolk sac and embryo proper. Brpf1 Regulates Vasculature Formation in the Placenta-In placental mammals, the placenta is an extraembryonic tissue essential for gas and nutrient exchange between the embryonic and maternal circulation systems (51) (52) (53) . In mice, placental development begins after fusion of the chorionic plate with allantois around E8.5. Buds of allantoic cells including blood vessel precursors invade the chorionic plate to initiate branching morphogenesis. With expansion of the trophoblast compartment, the labyrinthine space is established for gas and nutrient exchange between the embryonic and maternal circulation systems. The mutant placenta was smaller at E10.5. H&E staining of sagittal sections at E9.5 and E10.5 revealed that there was no branching of fetal blood vessels in the mutant labyrinthine layer, in contrast to the extensive intermingling of maternal and embryonic blood spaces in the control placenta (Fig. 3,  A and B) . The mutant labyrinth appeared devoid of fetal blood vessels, and the labyrinthine layer was much thinner. Maternal erythrocytes were still present in the blood sinus ( Fig. 3C , right, black arrows). Closer examination of the mutant placenta revealed formation of initial buds ( Fig. 3C , right, green arrows), but further invasion into the labyrinth failed to occur. By contrast, no such defects were found in the mutant placenta lacking Moz (data not shown), an acetyltransferase known to interact with Brpf1 in vitro (14, 16) , suggesting that Brpf1 may not act through Moz during labyrinth formation.
Periodic acid Schiff staining is often used to detect glycogenrich trophoblasts (52, 53) . Such staining of wild-type and mutant placental sections also confirmed the defects in the labyrinth (data not shown). Consistent with the defective labyrinthine structure in the homozygous mutant ( Fig. 3A) , Brpf1 was highly expressed in the labyrinth of the placenta from the heterozygous conceptuses ( Fig. 3D, left) . The ␤-galactosidasepositive trophoblasts were well distributed within the labyrinth. By contrast, in the placenta from homozygous mutant conceptuses, ␤-galactosidase-positive trophoblasts shrank severely in the labyrinth (Fig. 3D, right) . To gain mechanistic insights into the observed placental defects, we performed immunofluorescence microscopy. Consistent with the vascular defects (Figs. 1 and 2), staining with the anti-CD31 antibody revealed defective vasculature within the mutant labyrinth ( Fig. 3E ). Placental lactogen 1 (PL1) marks giant trophoblasts (53) . As shown in Fig.  3F , the giant trophoblast layer (PL1 ϩ ) remained roughly normal in the mutant placenta, indicating that the placental defect is specific to the labyrinth. The transcription factors Gcm1 and Esx1 are important for placental development (54, 55) . We thus analyzed their expression and distribution. As reported (54), Gcm1 expression was enriched in the spongiotrophoblast layer of the control placenta ( Fig. 3G, left) . This distribution pattern was altered in the mutant placenta ( Fig. 3G, right) . Esx1 was relatively uniform in the control placenta, but its level deceased dramatically in the mutant placenta ( Fig. 3H) . Therefore, Brpf1 inactivation disrupts labyrinthine organization in the placenta and deregulates expression of Gcm1 and Esx1.
Brpf1 Loss Generates Abnormal Embryos with Severe Neural Tube Defects-We next examined abnormalities in the mutant embryos. From gross appearance, the mutant embryos began to show subtle growth retardation at the head fold as early as E8.75 (Fig. 4, A and B) . At E9.5, the defect in the cephalic region was dramatic, and the neural tube failed to close, as opposed to that of the control embryos (Fig. 4, C and D) . The neurodevelopmental defect was the most obvious phenotype, including forebrain hypoplasia and an open neural tube in the cephalic region but not in the trunk region (Fig. 4, C and D) . At E10.5, the mutant embryos exhibited a significantly reduced size and were characterized by balloon-like pericardial sacs and severe hemorrhage ( Fig. 4, E and F) . To further characterize the neural tube defects, we carried out histological analysis of control and mutant embryos. H&E staining indicated that despite some slight differences, the neural tube was relatively normal at E8.75 (Fig. 4H ). However, at E9.5, the cranial neural folds did not converge at the dorsal midline, indicating an open neural tube ( Fig. 4I) . At E10.5, the neural tube was still open, and the brain was largely missing (Fig. 4J) . Neural tube defects could be due to several reasons, including birth and migration of neurons. To examine this issue, we first detected neuronal progenitors with an antibody specific to Sox2 (56) . As shown in Fig. 5A , there were two major differences between control and mutant neural tubes: 1) the population of Sox2 ϩ stem cells or progenitors was obviously smaller due to the reduced size of the neural tube, and 2) the relative distribution appeared to be uneven in the mutant neural tube as compared with the uniform distribution of wild-type Sox2 ϩ cells. These differences suggest defective generation and/or migration of these cells. To gain further insights we analyzed embryo sections with an antibody against Tuj1, the neuronspecific class III ␤-tubulin that marks post-mitotic neurons (57) . This analysis revealed a striking defect in neuron number and migration pattern. As shown in Fig. 5, B and E, Tuj1 ϩ neurons were concentrated at the outer rim of the wild-type neural tube after migrating from the inner surface of the neural tube where they were born. In the mutant sections there were fewer Tuj1 ϩ neurons, and some of them migrated abnormally, indicating that birth and migration of neurons are compromised in the mutant embryos.
To delineate the underlying cellular mechanisms, we analyzed cell proliferation by immunofluorescence microscopic analysis with an antibody recognizing histone H3 phosphorylated at Ser-10, a well known marker for mitotic cells (58) . As shown in Fig. 5 , F and G, in the mutant embryo there were fewer cells positive for the mark than those in the control embryo, indicating that Brpf1 inactivation affects cell proliferation. We also assessed whether Brpf1 inactivation induces apoptosis. For this, we performed immunofluorescence microscopic analysis of embryo sections with an antibody specific to the activated form of caspase 3. As shown in Fig. 6 , A-C, no evident apoptosis was observed in the mutant embryo at E8.5 or E9.5, but marked apoptosis was present at E10.5. As morphologic defects were obvious at E9.5 (Fig. 4) , we concluded that apoptosis is not the In the control placenta (left), fetal blood vessels (green arrows) and maternal blood sinuses (black arrows) intermingled with each other, whereas in the mutant placenta (right), no blood vessels branched out even though large buds of the fetal blood formed near the chorionic plate (green arrow) and the maternal blood sinuses looked normal (black arrow). D, ␤-galactosidase staining of E9.5 placental sections. In the Brpf1 l/ϩ placenta, ␤-galactosidase activity (blue) was high in the labyrinth and chorionic plate but moderate in the allantois. In the Brpf1 ⌬/⌬ placenta, the labyrinth and spongiotrophoblast layers shrank and were disorganized. E, CD31 immunostaining of E9.5 placental sections. The mutant labyrinth was structurally abnormal and lacked fetal blood vessels. F, PL1 immunostaining of E9.5 placental sections. The giant trophoblast layer (PL1 ϩ ) appeared roughly normal in both control and mutant placenta. G and H, immunostaining of E9.5 placental sections for the labyrinth markers, Gcm1, and Esx1. In the mutant labyrinth, Gcm1 expression was abnormally condensed (G, right), and Esx1 expression was almost abolished (H, right). Extraembryonic structures were identified according to a published atlas (51, 89 MAY 1, 2015 • VOLUME 290 • NUMBER 18 reason for the neural tube defect observed at E9.5. In addition, the control and mutant embryos showed no evident difference in the number of cells positive for phosphorylation of H2AX at Ser-139 (or the ␥H2AX form) (Fig. 6D) , a well -known histone mark for DNA damage and genomic instability (59) . These results indicate that neural tube defects caused by Brpf1 deficiency may be due to compromised cell proliferation rather than apoptosis or DNA damage. Brpf1 Controls Primitive Hematopoiesis and Embryonic Fibroblast Proliferation-H&E staining of control and mutant yolk sac sections revealed striking defects in erythrocytes at E9.5 and E10.5 (Fig. 1F ). To determine whether hematopoietic progenitors within the mutant yolk sac vasculature are still functional, we performed colony formation assays in vitro using methylcellulose-based media. As shown in Fig. 7A , mutant hematopoietic progenitors formed fewer colonies than the control. The mutant colonies were also much smaller (data not shown), suggesting defective cell growth and/or proliferation. Thus, Brpf1 loss causes defective hematopoiesis.
Brpf1 in Embryogenesis and Cell Proliferation
Like hematopoietic progenitors, fibroblasts isolated from mutant embryos at E9.5 did not proliferate in vitro (Fig. 7B ). To substantiate this, we sought to circumvent the failure to derive MEFs from the mutant embryos. We thus prepared MEFs from Brpf1 f/f ;ER-Cre embryos for inducible inactivation of the Brpf1 gene in vitro by treatment with 4-hydroxytamoxifen. Importantly, the induced inactivation inhibited growth ( Fig. 8A ) and cell cycle progression (Fig. 8, B and C) of embryonic fibroblasts. To examine the underlying molecular mechanisms, we performed immunoblotting with various antibodies. As shown in Fig. 8D , induced inactivation of the Brpf1 gene also decreased acetylation of histone H3 at Lys-9 and Lys-14. Because loss of Hbo1, but not Moz, yields a similar decrease in histone H3 acetylation (17, 44) , we assessed Hbo1 expression. According to fluorescence signal intensity, the Hbo1 protein level decreased in the mutant embryos ( Fig. 6E ). However, different from this, induced inactivation of the Brpf1 gene in vitro did not alter the levels of different Hbo1 isoforms in MEFs (Fig. 8D ). Brpf1 stimulates acetyltransferase activity of Hbo1 (10), so it remains possible that its enzymatic activity is lower in mutant MEFs.
Brpf1 Regulates Gene Expression-The acetyltransferases Moz, Morf, and Hbo1 interact efficiently with Brpf1 in cellbased assays (10, 14, 16) . Brpf1 is paralogous to Brpf2 and Brpf3 (14, 16) . We thus analyzed whether Brpf1 affects transcript levels of these five proteins. As shown in Fig. 9, A and B , the levels were not affected in mutant embryos or MEFs. Because cell growth and proliferation were impaired in Brpf1-deficient mutant embryos and MEFs ( Figs. 7 and 8 ), we measured levels of different cell cycle inhibitors. The transcript levels of p16 and p27 were affected in mutant MEFs (Fig. 9B) . We also performed microarray-based gene expression analysis of control and mutant embryos at E8.75, when morphological defects were still subtle (Fig. 4A ). Among the genes selected for validation by RT-qPCR (Table 1) , we confirmed that Rpl10l (ribosomal protein L10-like) mRNA decreased, whereas Scp3l (synaptonemal complex protein 3-like; or Gm773, for predicted gene 773) mRNA increased in Brpf1-null embryos (Fig. 9A) . A smaller increase of Scp3l mRNA was also detected in mutant MEFs (Fig. 9B) . Thus, microarray analysis and RT-qPCR validation indicate that Brpf1 loss perturbs expression of genes such as Rpl10l, Scp3l, p16, and p27.
DISCUSSION
Brpf1 Regulates Mouse Embryogenesis-To extend previous molecular studies (10, 14, 16) and determine the biological functions of Brpf1, we have recently analyzed its spatiotemporal expression during mouse development (38) . This analysis revealed that Brpf1 is dynamically expressed in different extraembryonic and embryonic tissues (38) . Consistent with this, inactivation of the gene led to embryonic lethality around E9.5 (38) . Here, we have systematically analyzed the mutant animals and identified severe vascular defects in the placenta, yolk sac, and embryo proper ( Figs. 1-3 ). Neural tube closure (Figs. 4 -6) and hematopoietic progenitors (Fig. 7A) were also compromised. Related to the underlying cellular mechanisms, Brpf1 inactivation deregulates different cell programs, e.g. inhibiting cell proliferation (Figs. 5, F and G, 7, and 8 ), hindering neuron migration (Fig. 5, B and E) and reducing histone H3 acetylation (Fig. 8D ). In addition, erythrocytes and their progenitors were affected ( Figs. 1F and 7A ). This may be an important factor contributing to defective vasculature formation ( Fig. 1) as primitive erythroid cells are critical for vascular remodeling (for review, see Ref. 60) .
As for the underlying molecular mechanisms for the observed defects, the microarray-based gene expression analysis revealed that Brpf1 inactivation reduced the Rpl10l mRNA level ( Fig. 9A and supplemental Table S1 ). This was specific to mutant embryos at E8.75 as no such reduction was observed in cultured MEFs isolated from E15.5 embryos (Fig. 9B ). Related to this, specific inactivation of the Brpf1 gene in the forebrain does not affect the Rpl10l mRNA level (39) . The reduced transcription of Rpl10l in mutant embryos at E8.75 is consistent with the role of Brpf1 in promoting histone acetylation and stimulating transcriptional coactivation in vitro (16) . Rpl10l is highly homologous to Rpl10 (61), so we can speculate about Rpl10l functions from various studies of Rpl10, known to be important for nuclear export and allosteric movement of the 60 S ribosomal subunit (62, 63) . Human RPL10 mutations have been detected in leukemia (64, 65) and implicated in abnormal brain development leading to autism (66), intellectual disability (67, 68) , and microcephaly (69) . Moreover, faulty translation resulting from loss of other ribosomal proteins constitutes an important pathogenic mechanism (69, 70) and causes diverse developmental defects (71) (72) (73) .
In addition, dramatically elevated transcription of Scp3l was also observed ( Fig. 9A and supplemental Table S1 ). This elevation was also detected in mutant MEFs (Fig. 9B ). With a COR (meiotic chromosome core) domain sharing 49% sequence identity to that of Scp3 (74), Scp3l has been referred to as Xlr6 (X-linked lymphocyte-regulated protein 6) (75) and Slx2 (Scp3like X-linked 2) (76, 77) . Scp3 is a meiosis-specific protein critical for meiotic chromosome segregation and embryo survival (74) . Some evidence suggests that Scp3l has a similar function in meiotic chromosome segregation (75, 77) . In addition, Scp3 is part of the Xlr family whose members also regulate the immune system (78) . It is presently unclear whether Scp3l is involved in immune regulation. In light of its potential importance in chromosome segregation, up-regulation of Scp3l mRNA may be detrimental to Brpf1-deficient embryos and MEFs.
At the sequence level, BRPF proteins are conserved from Caenorhabditis elegans to humans. There are no orthologs in lower metazoans, yeasts, or plants. Although the biological function of Drosophila Brpf remains elusive, C. elegans Lin-49 regulates neuron asymmetry, hindgut development, and fecundity (79, 80) . Deletion of zebrafish Brpf1 alters pharyngeal segmental identity (81) , and inactivation of medaka Brpf1 affects craniofacial skeletons (82) , so Brpf1 regulates skeletal development in fish. Based on these genetic studies, it will be interesting to investigate whether mammalian Brpf1 also plays a role in skeletogenesis. However, these genetic studies would not predict our findings about the important roles of mouse Brpf1 in the placenta, vasculature, and neural tube. Thus, the results described herein are unexpected and provide novel insights into biological functions of mammalian BRPF1.
In mammals, BRPF1 is paralogous to BRPF2 and BRPF3 (14, 16) . Loss of mouse Brpf2 leads to embryonic lethality at E15.5, with abnormal eye development and faulty erythropoiesis (17) , indicating that Brpf2 regulates mouse embryogenesis at a later stage than Brpf1. No genetic studies have been reported for mouse Brpf3, but the severe embryonic lethality of Brpf1 or Brpf2 inactivation supports that both have unique functions during mouse embryogenesis. It will be important to investigate whether Brpf3 also plays a role in mouse embryos.
Cooperation of Brpf1 with Moz, Morf, and Hbo1 during Embryo Development-Molecular studies have established that human BRPF1 interacts with MOZ, MORF, and HBO1 to govern their acetyltransferase activities and substrate specificity (10, 14, 16) . Decreased Rpl10l expression is consistent with the transcriptional activation ability observed for Moz, Morf, and Brpf1 in vitro (Fig. 9C) (16, 83) . Related to the elevated level of Scp3l mRNA in Brpf1 Ϫ/Ϫ embryos and MEFs, we have recently reported that forebrain-specific loss of Brpf1 causes transcriptional up-regulation of Hox genes and various other transcription factors (39) . Interestingly, Drosophila Hbo1 is required for repression of Hox genes (84), suggesting interaction of Brpf1 with Hbo1 in silencing gene expression under certain developmental contexts (Fig. 9C) .
To gain insights into how Moz, Morf, and Hbo1 may mediate the effects of Brpf1 on mouse embryo development, we need to compare results from related genetic studies. Three mutant strains have been engineered for mouse Moz. In one of them the first coding exon was replaced with a neo cassette, and no protein was expressed (41) . Homozygous mutant embryos survive until E14.5. In another, the neo coding sequence is fused to that for the N-terminal two-thirds of Moz (42) . Although no Mozneo fusion protein is detectable, lethality occurs at birth (42) . A third strain contains a point mutation to abrogate acetyltransferase activity (85) . This mutation causes shortened lifespan; 40% of the mutant mice die at 6 months of age, with lower body weight, smaller thymus and spleen, and defective hematopoiesis (85) . In addition to Moz, Morf was investigated in a gene-trap strain possessing ϳ10% residual mRNA. The mutant mice die at weaning and display dwarfism, craniofacial abnormalities, and cerebral defects (43) . Thus, the phenotypes of the Moz and Morf mutant mice do not predict the severe phenotypes observed in Brpf1 knockouts.
There are several possible explanations. Moz and Morf are paralogous (83) and may have overlapping functions in vivo, so their double knockouts should lead to more severe phenotypes than single knockouts. Moreover, Morf-deficient mice still carry residual transcripts (43) , and the total knock-out may yield more dramatic phenotypes. As Brpf1 interacts with both Moz and Morf, as suggested by cell-based studies (10, 14, 16) , its loss may affect the function of both to yield the severe phenotypes observed. Alternatively, there are other binding partners that may contribute to these defects. One such candidate is Hbo1, whose loss leads to embryonic lethality at E10.5, with developmental delay starting at ϳE8.5 (44) . This lethality window is similar to that of Brpf1 Ϫ/Ϫ embryos (38) . In addition, there are other similarities such as neural tube and vascular defects between Brpf1 and Hbo1 mutants ( Figs. 1 and 4) (44) . Moreover, histone H3K14 acetylation is dramatically decreased in both Brpf1 and Hbo1 mutants ( Fig. 8D) (44) . Along with the molecular interaction between Brpf1 and Hbo1 (10), it is tempting to speculate that Brpf1 targets Hbo1 during mouse embryogenesis (Fig. 9C ). However, Brpf1 and Hbo1 mutants also display clear distinctions in placental and embryonic defects, indicating that Hbo1 may not be the sole target in vivo. In support of this, Hbo1 expression is ubiquitous ( Fig. 6E) (44) , whereas spatiotemporal expression of Brpf1 is specific to different tissues and dynamic at different developmental stages (38) . Furthermore, Hbo1 is dispensable for MEF growth and proliferation (44) , but Brpf1 mutant MEFs were difficult to derive at E9.5 (Fig. 7B) , and induced Brpf1 inactivation in vitro led to proliferative defects ( Fig. 8) . Of relevance, the human BRPF1 gene is mutated in pediatric cancers (36) and adult medulloblastoma (37) ; no such mutations have been identified in the HBO1 gene.
From the above discussions, it is clear that genetic studies of mouse Moz, Morf, and Hbo1 (41) (42) (43) (44) indicate that loss of none of them alone faithfully phenocopies the Brpf1 gene inactivation. One scenario is that all three contribute to Brpf1 function during embryo development (Fig. 9C ). Alternatively, Brpf1 may also act independently of them (Fig. 9C ). Related to this, three other acetyltransferases, Gcn5, p300, and CBP, are worthy of consideration because their loss also causes neural tube defects (86, 87) . It should be noted, however, that neural tube defects described for Gcn5 Ϫ/Ϫ , p300 Ϫ/Ϫ , or Cbp Ϫ/Ϫ embryos (86, 87) are different from those described here (Fig. 4 ). Interestingly, as described here for Brpf1 ( Figs. 1, 7, and 8 ), p300 loss causes severe defects in vasculature and cell proliferation (87) . Thus, the relationship with different acetyltransferases in vivo may not be as simple as demonstrated in vitro (10, 14, 16) . Further studies are needed to investigate how Brpf1 interacts with various histone acetyltransferases during embryo development (Fig. 9C) .
In conclusion, we have analyzed mouse embryos lacking Brpf1 and identified its crucial role in vasculature formation and neural tube development. The results also demonstrate that Brpf1 loss deregulates cellular and gene expression pro- grams. Together with recent reports on its function in forebrain development (39, 40) , these new results reiterate the importance of mouse Brpf1 in different developmental processes. Of relevance, Brpf2 (or Brd1, for bromodomain protein 1) regulates embryogenesis around E13.5 and early thymocyte development (17, 88) . Therefore, despite their high sequence similarity (14, 16) , Brpf1 and Brpf2 are not redundant in vivo, and both have important roles during mouse development. The experiment was performed in triplicate with three batches of MEFs isolated from three independent litters as in Fig. 8 , A-C. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; ns, not statistically significant. C, a simplified model illustrates how the Brpf1-Ing5-Eaf6 trimeric complex may recruit histone acetyltransferases (HAT) such as Moz/Morf and Hbo1 to regulate gene expression. In addition to multiple histone binding domains that Brpf1 possesses, Ing5 has its own PHD finger to recognize methylated histone H3. Brpf1 may also act through an unknown partner(s) as indicated by the red question mark. The black question mark denotes that the recruitment may lead to either transcriptional activation or repression. Ac, acetylation.
